Abstract A theoretical and experimental basis for a x-ray detector concept, based on the conversion of x-rays into thermal energy is presented. The detector follows an indirect approach: the x-rays are first converted into thermal energy, which is then converted into electrical signals by the Seebeck effect. The detector does not need high operating voltages as the detectors based on photoconductors, it shows higher efficiency in energy conversion than x-ray detectors based on scintillators and it has a better intrinsic signal to noise ratio than both photoconductor and scintillator methods. Moreover, this technique allows the fabrication of x-ray detectors on polymeric substrates, which is not so viable with the other aforementioned methods. As a drawback, the frequency response of this detector is usually low. This drawback can be overcome by reducing the mass of the detector.
Introduction
X-rays can be converted into electrical signals by two main approaches, known as direct and indirect methods (Rocha et al. 2009 ). Independently of the used method, to achieve an x-ray image (e. g. radiography or tomography) it is necessary to place many x-ray detectors in an array disposition. In the direct method, the x-ray detectors are usually based in photoconductors. In the indirect method, scintillators associated to photodetectors are typically used. Each x-ray detection method has its performance advantages and limitations on its use for practical x-ray image detectors.
The direct method based on photoconductors uses photoconductive materials with high x-ray absorption capability. These materials can be placed on an array of conductive charge collection plates, each of them supplied with a storage capacitor. There are some devices based on photoconductors such as CdTe, CdZnTe, HgI 2 and PbI 2 (Zentai et al. 2005; Abbene et al. 2009; Watanabe et al. 2009 ). The readout electronic circuitry must be developed in a separate die due to incompatibilities between the two fabrication processes. Moreover, for the operation of these devices, a high-voltage is necessary for biasing the photoconductors.
The indirect method uses materials that absorb x-rays and convert their energy into visible light, which is easily detected by silicon photodetectors, for example (Rocha et al. 2004; Martin et al. 2009 ). These materials, known as scintillators, usually consist on compounds constituted by elements of high atomic number, which have high x-ray absorption capability, and yield many visible light photons for each absorbed x-ray quantum. The main drawback of this configuration is its low energy efficiency, especially for detectors with small dimensions or detector arrays with small pixel sizes (Rocha and Lanceros-Mendez 2006) . This low efficiency is due to large losses in the energy conversion both from x-rays to visible light and from visible light to electrical current.
Theoretical analysis
To avoid the previously presented drawbacks of the other commonly used x-ray detectors, this work shows a device based on thermal effects. The increase in efficiency is achieved by converting the x-rays into thermal energy, which is then detected by means of the Seebeck effect. Moreover, with this technique it will be possible to fabricate x-ray detectors on polymeric substrates, as it will be demonstrated in this article.
The working principle of the x-rays detector based on the Seebeck effect consists in detecting the increase in temperature caused by the absorption of the x-rays by a material with high atomic number and high-density. A junction of two materials with different Seebeck coefficients is used to detect the increase in temperature.
The theoretical analysis of the detector can be divided into three sections: the production of x-rays, its absorption by the plate and the detection of temperature changes.
X-ray source
The efficiency of the x-ray production can be defined as the rate of kinetic energy of the electrons that is converted into x-rays. The efficiency g is directly proportional to the atomic number of the material used as anode in the x-ray source (Z) and to the electrical potential difference between the anode and the cathode (V), usually in the range from 10 to 120 kV:
where K % 1 Â 10 À6 V À1 (Selman 1994) . Disregarding relativistic effects, the x-ray power is given by:
where VI is the input electrical power of the x-ray tube. Figure 1 shows a target placed in the plane of the x-rays at a distance d from the x-ray source.
The maximum angle a at which the x-rays can be absorbed by the target can be obtained from:
As the x-rays are produced randomly in the tube, with equal probability in any direction perpendicular to the beam of electrons that originates them, the ratio between the x-rays arriving at the target and the ones that are produced by the source is a=p.
The power of the x-rays arriving at the target will be
The former calculation has been performed in one dimension, once the scattering produced by the slit and the relativistic effects do not produce significant changes in x-ray distribution in distribution in y direction, for small values of d.
Absorption of x-rays
When penetrating into a material layer, a beam of x-rays is absorbed according to an exponential law:
where I 0 is the initial intensity of the beam, I is its intensity at a distance x from the surface and q is the density of the material. The ratio (lq) is the mass absorption coefficient of the material and can be found in tables like the one published by (Hubbell 1982) .
2.3 Conversion of x-ray energy into heat and detection of temperature changes
The x-rays that are absorbed by the target material of the detector will heat it. The corresponding temperature change can be calculated from:
where Q is the energy of the absorbed x-rays, c and m are the specific heat capacity and the mass of the target material and dT/dt is the time change ratio of temperature. In order to stop and absorb the x-ray energy it is necessary a material with high atomic number and density (Eq. 5).
On the other hand, to obtain higher temperature changes, it is more appropriate a material with low mass and low specific heat capacity (Eq. 6). In order to validate the theory, a simple detector, constituted by a copper plate and a K type thermocouple was built. The x-ray source used in the experiments works with a voltage of 35 kV and a current that can range from 0 to 1 mA, which means that the maximum electrical power absorbed by the x-ray source is 35 W. The efficiency of the x-ray production, given by Eq. 1, for an x-ray source with molybdenum anode (Z = 42) and an electrical voltage of 35 kV, is approximately equal to 1.47 9 10 -3 . As a result, the power of the produced x-rays is 51.45 mW (Eq. 2).
In Fig. 1 , the target has w = 1 mm and it is placed in the plane of the x-rays at a distance d = 10 cm from the x-ray source. The maximum angle a at which the x-rays can be absorbed by the target, given by Eq. 3 is a = 5 9 10 -3 rad. The power of the x-rays arriving at the target will be 88.89 lW (Eq. 4).
When penetrating into a material layer, a beam of x-rays is absorbed according to the exponential law of Eq. 5. Applying Eq. 5 to a copper plate of 0.2 mm of thickness, it is possible to calculate that 99.739% of the incident x-ray photons of 20 keV of energy (which is approximately the energy peak produced by a 35 kV x-ray tube) will be absorbed. Figure 2 shows a simulation graph of the percentage of x-rays absorbed by a copper plate as a function of its thickness and Fig. 3 shows a simulation graph of the percentage of x-rays absorbed by a 200 lm copper plate as a function of the incident x-ray energy. Table 1 shows the atomic number, the density and the specific heat capacity of some metals.
With the data of Table 1 , by performing some calculations, it is possible to conclude that copper is a material that better satisfies the requirements expressed by Eqs. 5 and 6.
A copper target has a specific heat capacity of 0.385 J g -1 K -1 and a density of 8.96 g cm -3 at 300 K. If the target has a volume of 0.2 mm 3 , its mass is 1.792 mg. The energy of the x-rays that is absorbed by the copper plate during 1 s is 81.88 lJ and the temperature change would be equal to 118.7 mK. At this point we have neglected the effect of the power dissipation by convection and thermal radiation of the target.
A type K thermocouple produces a potential difference of 39.7 lV/K, for small temperature differences between hot and cold junctions. In this case, the temperature of 118.7 mK will produce a voltage of 4.711 lV. This is the order of magnitude of the values expected in the first experiments, where the results are in Fig. 4 .
As it can be observed in the figure, the measured values are lower than the expected ones. This can be explained mainly with the power dissipation of the detector and thermal losses through the substrate and thermocouple wires. By coating the detector target with a low-density thermal insulating material, the dissipation can be reduced. Small dimensions of thermocouple wires can also reduce Copper platethickness (mm) % of X-rays absorbed thermal losses. It can also be observed in Fig. 4 that there is a linear relationship between the output voltage generated in the thermocouple and the x-ray input power. This experiment proved nevertheless that the working principle of the detector is valid.
Comparison between methods
The most common noise sources in pixel detectors for xray imaging systems are photonic noise, fixed pattern noise, and readout electronics noise (Workman and Brettle 1997) . The fixed pattern noise is a characteristic of all pixel array sensors and can be canceled by the use of gain maps (Tate et al. 1995) . The noise of the readout electronics depends mainly on the circuit configuration and layout and usually is less important than the photonic noise in the xray spectrum. The photonic noise, which is caused by the statistical distribution of the x-ray photons in time and space, is the fundamental noise limit of an x-ray detector. Several theoretical analysis and experiments have shown that the intrinsic photonic noise of an x-ray beam is random and follows a Poisson distribution; that is, the standard deviation r prx is equal to the square root of the average number of x-ray photons m prx (Workman and Brettle 1997; Tate et al. 1995) , such that:
and the signal to noise ratio (SNR) is given by:
Detectors based on scintillators
A scintillator converts the absorbed energy into visible light. In the case of the CsI:Tl, a very common scintillator, it produces about 65,900 visible photons for each 1 MeV of absorbed energy, at room temperature (Valentine et al. 1991) , that is, for each photon of 1 MeV, it produces a random number of photons whose average is 65,900. By the other hand, the scintillators usually are coated by layers materials in order to guide the visible light produced by them to the photodetectors. Therefore, the average amount of produced light for a given x-ray energy, L R (E), is obtained by the product of five factors, namely (a) the number of incident x-ray photons m prx , which is a random quantity; (b) the transmissivity of the reflective layer on top of the scintillator, Tr ref that the x-rays must cross; (c) the absorption of the scintillator, Ab sc ; (d) the number of visible photons per MeV (N vph/Mev ) produced by the scintillator, which is the mean value of a random process; and (e) the energy of each x-ray photon, E. Thus:
In this case, the variance of the produced photon distribution, r 2 LR ðEÞ, is given by the product of the mean value of the photons absorbed by the scintillator and the square of the number of visible photons produced in the scintillator for each incident x-ray photon, such that:
This result is in accordance with previously presented works (Gruner et al. 2002; Swank 1973 
When the incident x-ray photons follow a Poisson distribution, the losses introduced by the detection system affect in the same way both the mean and the variance of the distribution, that is, the electron-hole pairs created in the photodetector also follow a Poisson distribution.
Nevertheless, due to the randomness of the process of production of visible light in the scintillator, the visible photons do not follow a Poisson distribution. It can be modeled by a Normal distribution with mean m sc and variance r 2 sc . In this case, the losses can be explained by a Binomial distribution whose probability of success (the photon generates an electron-hole pair) is p. The distribution of electron-hole pairs in the photodetector is obtained by multiplying the distribution of the light produced by the scintillator by this binomial distribution. The resulting mean is: 
and the variance is (Gordon and Gordon 1994):
which gives:
Finally, the fact that some x-ray photons cross completely the scintillator and are absorbed by the photodetector will also decrease the signal to noise ratio.
Detectors based on photoconductors
The average amount of produced electron-hole pairs in a photoconductor, for a given x-ray energy, eh(E), is obtained by the product of four factors, namely (a) the number of incident x-ray photons m prx , which is a random quantity; (b) the absorption of the photoconductor, Ab ph ; (c) The number of electron-hole pairs per MeV (N ehp/MeV ) produced by the photoconductor, which is the mean value of a random process; and (d) the energy of each x-ray photon, E. Thus:
In this case, the variance of the produced photon distribution, r 2 eh ðEÞ, is given by the product of the mean value of the photons absorbed by the photoconductor and the square of the number of electron-hole pairs produced for each incident x-ray photon, such that:
The SNR for each energy is given by:
Detector based on thermal effects
The average amount heat produced for a given x-ray energy, h(E), is obtained by the product of five factors, namely (a) the number of incident x-ray photons m prxt , which is a random quantity; (b) the transmissivity of a thermal insulating layer on top of the detector, Tr ins that the x-rays must cross; (c) the absorption of the detector plate, Ab pl ; (d) the energy of each x-ray photon E; and (e) a conversion factor of x-ray energy into heat, k. Thus:
In this case, the variance of the produced photon distribution, r 
In order to compare the previously presented results (Eqs. 14, 17 and 20), we can calculate the minimum detectable number of x-ray photons by each method, which happens when the corresponding SNR is equal to 1.
For the detector based on scintillators, making SNR ehp E ð Þ ¼ 1 in Eq. 14 and solving for m ehp E ð Þ, gives:
As Tr ref , Ab sc and p are always in the interval from 0 to 1, m ehp min E ð Þ is always higher than 1. For the detector based on photoconductor, making SNR ph E ð Þ ¼ 1 in Eq. 17 and solving for m prx E ð Þ, gives:
Like in the previous case, as Ab ph is in the interval from 0 to 1, m ehp min E ð Þ is always higher than 1. Finally, for the detector based on thermal effects, making SNR h E ð Þ ¼ 1 in Eq. 20, and solving for m prxt E ð Þ, gives:
In this case, the quantity Tr ins Ab pl E k can be higher than 1 and the minimum detectable number of x-ray photons is 1 photon.
Fabrication of the detector
After the positive result in the previous experiment, described in sect. 2, an x-ray detector was fabricated on a flexible polyimide Kapton Ó substrate. Thermoelectric p-type (Sb 2 Te 3 ) and n-type (Bi 2 Te 3 ) thin films with thickness of 5 lm with high figures of merit were obtained by a thermal co-evaporation method (Goncalves et al. 2006 ) in a high-vacuum chamber with base pressure p = 3 9 10 -6 mbar. The substrate temperature and evaporation rates were controlled during all the deposition process in order to obtain the desired properties. The power applied to each boat was controlled independently, using two PID (Proportional Integral and Derivative) controllers in order to maintain the deposition rate at a fixed value, different for each material. The Bi or Sb evaporation flow rate was maintained at 2 Å s -1 , and the Te evaporation flow rate at 6 Å s -1 . The device was fabricated on a 50 lm polyimide substrate. Metal pads (1 lm of aluminium covered with 20 nm of nickel) were evaporated through a metal mask. On top of contacts, 1 lm-thick bismuth telluride and antimony telluride films were deposited, also through metal masks, resulting in two thermoelectric legs. Seebeck coefficients of 220 and 180 lVÁK -1 and electrical resistivity in the range 10-20 lX m were measured on n-type and p-type films, respectively. The thermoelectric properties obtained make these materials suitable for the fabrication of sensing elements. Table 2 summarizes the thermoelectric properties, namely the Seebeck coefficient, the resistivity and the figure of merit (ZT) at 300 K, which is defined as:
where a is the Seebeck coefficient, q the electrical resistivity, k the thermal conductivity and T the temperature (Min and Rowe 1999) . Electrical resistivity, carrier concentration and Hall mobility were measured at room temperature using the conventional four probe van der Pauw geometry in a 5 mm side square arrangement. A DC magnetic field of 80 mT was applied for Hall measurements. The Seebeck coefficient, a, was measured by connecting one side of the film to a heated metal block at a fixed temperature and the other side to a heat sink kept at room temperature, with a temperature difference between both sides below 10°C. Thermal conductivity was measured using the technique developed in (Völklein and Balles 1992) .
The thermoelectric elements were connected to metal contacts, fabricated on the substrate by deposition of a 800 nm layer of aluminum covered with a thin layer of Nickel (20 nm). Thermoelectric films were deposited on the top of the contacts. These films were patterned during the evaporation process using shadow masks. In this way a thermoelectric device was fabricated.
Polyimide was chosen as substrate because of its low thermal conductivity (0.16 Wm -1 K -1 ), thus allowing higher performance of the devices, even with higher values of substrate thickness (50 lm foil was used). Finally, a copper plate of 100 lm was placed on top of the thermoelectric materials (Fig. 5) .
Experimental results
In order to verify experimentally the performance of the flexible fabricated device, an x-ray tube with molybdenum anode was powered with a voltage of 35 kV and a current that can range from 0 to 1 mA. Figure 6 shows the spectral distribution of such x-ray tube (Boone et al. 1997) . In the first experiment, the detector was placed in the x-ray path and the output voltage, which is proportional to the temperature change, was measured. Tube currents of 0.2, 0.6 and 1 mA were used, which correspond to 20, 60 and 100 of the maximum x-ray power produced by the tube. The result of this experiment is shown in Fig. 7 . This figure also shows the best fit for each set of points, which are functions of the type v t ð Þ ¼ v max 1 À e Àa t ð Þ . The obtained statistical factors R 2 were 0.966023, 0.99673 and 0.999512, for 20, 60 and 100% curves, respectively.
In the second experiment, the x-ray tube was powered from 0 to its maximum by changing the current in steps of 0.1 mA. The result is in Fig. 8 . In this experiment, the x-rays hit the plate of the detector during 1 s. The exposure time control in our x-ray setup is manual, which can justify some experimental errors. Nevertheless, if the point obtained at 70% of the x-ray power was disregarded, the behavior of the detector is approximately linear, with a statistical factor R 2 of 0.927685.
Conclusions
In the present work, the Seebeck effect was used in the detection and measurement of x-ray signals. The constructed device does not need high-bias voltages to work properly as in the case of the photoconductors and it shows larger energy conversion efficiency than the detectors based on scintillating crystals. Moreover, it was fabricated on a polymeric substrate, adding interest for potential applications. Since the working principle of the detector is based on temperature changes, the main drawback of this approach is the low frequency response. However, this could be overcome by fabricating sensors with smaller dimensions, as the temperature change is inversely proportional to the mass of the detector. Active cooling by Peltier effect on the thermoelectric sensors elements can also improve the performance of the sensor and is being studied. 
